INTRODUCTION
Despite extensive use of digitalis for nearly two centuries, no method of measuring serum levels of the drug has been developed that is entirely satisfactory. Previously 
METHODS

Paper chromatography
Unless otherwise stated, paper chromatography was performed in the following manner: Whatman No. 1 paper was impregnated with formamide by passing the paper through a solution of ethanol-formamide (1: 1) and al-lowing it to air-dry in a vertical position for 15-30 min. After materials were spotted, the paper was developed in the ascending manner with a solution of methyl ethyl ketone-xylene (1: 1). When the chloroform-tetrahydrofuran-formamide system is referred to, the only change consists of replacing the methyl ethyl ketone-xylene solution with chloroform-tetrahydrofuran-formamide (100: 100: 13).
Digitalis products were located by the m-dinitrobenzene-KOH reaction (1) which indicates the presence of an intact butenolide ring. The tyrosine group was located by the 1-nitroso-2-naphthol reaction (2) .
Synthesis of 3-0-succinyl digitoxigenin (SDG) The method of Yamada was used (3) . 860 mg of succinic anhydride 1 and 442 mg of digitoxigenin 2 were dissolved in 13.4 ml of pyridine. The solution was protected from light and allowed to react at room temperature for 3 months. The solution was poured into 75 ml of cold 2 N H2SO4. The solid product was isolated by filtration and washed with cold water. It was then dissolved in 150 ml of chloroform-methanol (2: 1). The chloroformmethanol solution was washed once with 25 ml of 1 N H2SO4, and three times with water. 25 ml of methanol was added after each washing. The organic phase was dried over anhydrous sodium sulfate and taken to dryness on a rotary evaporator. The residue was dissolved in 15 ml of hot ethanol, and hot water was added to turbidity. The solution was allowed to cool to room temperature and then left at 40C for 48 hr. The resultant crystals were isolated by filtration and washed three times with cold ethanol-water (3: 2). The final product was a white powder, with melting point of 220-227'C. The yield varied from 60-75%.
Preparation of antigen SDG was coupled by two different methods to human serum albumin and bovine serum albumin.
Carbodiimide method. 50 mg of human serum albumin 3 was dissolved in 25 ml of water (pH 5.5). The solution was filtered, and 30 mg of EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride] 4 was added. 20 mg of SDG dissolved in 2 ml of dimethylformamide was then added dropwise while stirring, and the pH was adjusted to 5.5 with dilute HCl or NaOH. After 10 min, an additional 10 mg of EDC was added. The solution was stirred at room temperature for 18 hr. The reaction mixture was then dialyzed exhaustively (1 wk) against water with frequent changes of the outside solution. The suspension was cleared by centrifugation, and the soluble protein fraction was lyophilized. The product contained at least five digitoxigenin molecules per molecule of protein [m-dinitrobenzene assay (4)].
Isobutvlchloroformate method. A modification of the method described by Erlanger, Borek, Beiser, and Lieber-1 Eastman Kodak Co., Rochester, N. Y. man (5) was used. 0.15 ml of tributylamine and 280 mg of SDG were added to 5.85 ml of dioxane. After the solution had been cooled to 10°C, 0.08 ml of isobutylchloroformate5 was added. The solution was stirred for 20 min with gradual cooling to 4°C. The mixture was then added rapidly to a well-stirred and cooled solution of 840 mg of bovine serum albumin 3 in a mixture of 22.0 ml of water, 22.0 ml of dioxane, and 0.84 ml of 1 N NaOH. After 1 hr another 0.4 ml of 1 N NaOH was added. The solution was stirred at 4°C overnight. The product was purified by dialysis as described above. It contained at least 13 molecules of digitoxigenin per molecule of protein (m-dinitrobenzene assay). The synthetic steps are summarized in Fig. 1 Synthesis of 3-0-succinyl digitoxigenin tyrosine methyl ester (SDG-TME) dioxane, and 0. of H20 were added, and the product was immediately purified by serial transfer through seven tubes containing a small amount (80-100 mg) of Amberlite IRA 400, chloride form, (Rohm & Haas Co., Philadelphia, Pa.).
The final product was 96% pure by chromatography (methyl ethyl ketone-xylene) and had a minimum specific activity of > 400 mc/mg. In equilibrium dialysis experiments, as much as 98%o of the counts could be bound by rabbit antidigitoxigenin antibody, and there was very little nonspecific binding to nonimmune rabbit gamma globulin (< 1%).
Immunological procedures
Randomly bred rabbits were immunized with 3.2 mg of human serum albumin (or bovine serum albumin)-SDG complex in complete Freund's adjuvant (0.4 ml/per foot- pad). Animals were boosted with 1 mg of antigen in complete adj uvant at 1 month and every few months thereafter. Sera were obtained by cardiac puncture 5-7 days after booster injections. "Normal" rabbit gamma globulin and rabbit gamma globulin containing antidigitoxigenin antibody were purified by precipitation with ammonium sulfate at 50%o of saturation followed by diethylaminoethyl (DEAE) chromatography. The DEAE cellulose and the globulin fractions were equilibrated with 0.02 M phosphate, pH 7.0. The initial protein fractions eluted from the column were pooled on the basis of 280 m,u of absorbance. Gamma globulin concentrations were based on 280 mu of absorbance, and 1.5 was used as the value for a 1 mg/ml solution (1 cm light path). Goat antibody to rabbit gamma globulin was obtained as follows: 50 mg of rabbit gamma globulin 3 in 10 ml of complete Freund's adjuvant was injected subcutaneously into multiple sites on the back and thighs of the goat. The animal was bled at 3 wk and at intervals thereafter. A crude globulin fraction was obtained by precipitation with ammonium sulfate at 20%o of saturation and labeled "goat anti-rabbit gamma globulin."
Collection of patient blood samples Venous blood was collected in glass tubes containing no anticoagulant and allowed to clot at room temperature. Serum was separated by centrifugation at 4°C and immediately analyzed or frozen at -20°C for further analysis. Repeated analysis of samples showed no loss of digitalis activity after as long as 3 months of storage.
Extraction of digitalis from serum
As will be discussed later, serum could not be analyzed directly in the assay system. Digitalis was extracted from serum and an analysis performed on the extract. 5 ml of serum was pipetted into a 15 ml glass stoppered centrifuge tube, and 5 ml of reagent grade chloroform was added. The tubes were gently inverted 10 times and allowed to settle for 10 min. The inversion and settling process was repeated twice. After the third series of inversions, the tubes were centrifuged for 30 min in a refrigerated centrifuge (40C, 1200 g). The upper serum layer and a milky precipitate layer at the interface were removed by aspiration, and the chloroform layer was filtered. 1 ml aliquots of the filtrate were transferred to each of the two assay tubes and evaporated to dryness in a water bath (<90'C). The assay was subsequently carried out in these tubes. The efficiency of the extraction was tested by adding tritiated digitoxin7 to serum and counting the chloroform extract in a liquid scintillation counter. 8 The efficiency of extraction was 53.6 + 5.6%.
Assay procedure
Preliminary experiments were run to determine the dilution of rabbit antibody that resulted in the precipitation of approximately 50% of the radioactive hapten in the presence of excess goat anti-rabbit gamma globulin sera (see below). 20 dul of a mixture of the appropriate amount of rabbit antibody to digitoxigenin (usually a dilution of about 1: 300) and carrier rabbit gamma globulin (adjusted to give a total protein concentration of 0.5 mg/ml) were added to each assay tube. 50 ,ul of freshly centrifuged radioactive hapten (SDG-TME-I*) in 2.5% egg albumin was next added. The radioactive hapten was diluted so that 50 1d yielded approximately 10,000 cpm.9
Phosphate saline buffer (0.15 M NaCl, 0.008 M K2PO4, 0.002 M NaH2PO4, pH 7.4) was added to bring the volume of each tube to 200 ,ul. The tubes were mixed well and allowed to incubate for 1 hr at room temperature, after which they were left at 4VC overnight. The following morning 200 ,ul of goat anti-rabbit gamma globulin (in the region of antibody excess) was added to each tube. After the tubes were mixed, they were allowed to incubate for 1 hr at room temperature, during which time total counts were measured. They were then incubated at 4VC for 4 hr and centrifuged at 4VC (1000 g) for 30 min. The supernatant solution was removed by careful aspiration. The precipitate was washed once with 1 ml of cold phosphate saline, and counts were then measured. ment of serum digitoxin levels. A total of 29 measurements was made on the serum from 10 patients. For serum levels in the range 0-10 mug/ml, the coefficient of variation was ± 31.7%; in the range 10-20 m~Ag/ml, the coefficient of variation was ± 19%; and in the range 20-45 m/g/ml, coefficient of variation was 11%
RESULTS
Several different techniques were used to demonstrate the presence of rabbit antibody to digitoxin. First, positive interfacial precipitation tests were obtained with rabbit anti-SDG-human serum albumin (HSA) as the antibody and SDGbovine serum albumin (BSA) as the antigen. This result, while not conclusive, suggests the presence of rabbit antibody. Secondly, in equilibrium dialysis experiments when SDG-TME-I* as hapten was used, as much as 98% of the radioactivity could be bound to the antibody with essentially no nonspecific binding (< 1%) to "nonspecific" rabbit gamma globulin. Finally, the radioimmunoassay itself gave clear evidence that antidigitoxin antibody had been produced. The precipitation of radioactivity was markedly increased in the presence of specific antibody as compared with "nonspecific" gamma globulin. As little as 1-2 m~ug of digitoxin resulted in easily detectable reduction in the specific precipitation of radioactivity (Fig.  3) . The limited amount of nonspecific precipitation of radioactivity that occurred in the presence of "nonspecific" gamma globulin was not inhibited by digitoxin. technique were in the range of 4-60 mug/ml (Fig. 4) . The sera of five patients were analyzed before and after digitalization. In each instance marked inhibition was found after digitalization [P <0.001 ( Fig. 5) ].
In contrast to digitoxin and digitalis leaf, sera of patients taking digoxin showed in general very little inhibition. This finding is not due entirely to the lower levels of digoxin found in the sera of patients on digoxin (7) but is due at least in part to a reduced ability of digoxin to compete for antibody sites. Digoxin in amounts of 5-12 mtug in saline caused little inhibition, and in general in our assay system, on an equimolar basis, digoxin was about one tenth as active as digitoxin (Table I) . Comparison between digitoxin and digoxin. For a given degree of inhibition of precipitate radioactivity, roughly ten times more digoxin than digitoxin is needed.
The results of analysis of 19 "normal" sera indicated that nonspecific serum inhibition did not vary to any major extent from individual to individual. Efforts to demonstrate that the serum inhibitor is a circulating steroid have been inconclusive to date. Cholesterol caused moderate inhibition at a level of 150 jug, but hyperlipemic sera did not exhibit more inhibition than normal sera. Serum digitalis levels in controls (on no digitalis), patients maintained on digitoxin or digitalis leaf, and patients maintained on digoxin. In addition, data are presented on patients suspected clinically of showing signs of digitalis toxicity (? Toxic). With only two exceptions, essentially no digitalis-like activity was detected in the sera of control patients, and, in these two cases, the amount was small. In contrast, every patient on maintenance digitoxin or digitalis had detectable levels. In general, those patients who were suspected of having digitalis toxicity had higher levels than those not toxic, but overlap was present. See Results section for further discussion. Patients on digoxin had in general very low serum levels. The one exception was a patient who had been acutely digitalized with digoxin. In general, the highest serum levels of digitoxin were in patients who were suspected of having digitalis toxicity clinically, a fact which supports the data of Doherty and Perkins (10) who found a significant correlation between blood and myocardial digitalis levels in dogs. We suspect that the relationship between blood levels and digitalis toxicity may be better than that shown in Fig. 4 . In the two patients who had the lowest serum levels of digitalis there was some uncertainty as to the clinical diagnosis of toxicity. The radioimmunoassay discussed herein appears to possess significant advantages over other methods for measuring serum levels of digitalis. Bioassay methods such as those with the duck embryo heart are too laborious for routine use (11) . The rubidium uptake technique of Lowenstein (7) lacks specificity. In his first publication (7) he noted considerable overlap between patients on digitalis and those not, and a number of false positive tests occurred. In a subsequent publication, Lowenstein and Corrill (12) stated they had eliminated the false positives by extracting plasma with methylene dichloride. This technique appeared to improve the sensitivity of their assay, but they presented no new data on the overlap problem-. Lukas and Peterson (9) have recently described a double isotope assay for digitoxin that appears to be quite sensitive and specific. However, this technique is lengthy and laborious and is unsuitable for routine clinical use. The studies of Okita, Talso, Curry, Smith, and Geiling (13) and Doherty and Perkins (14) in which radioactive digitalis preparations were administered to human patients have added to our knowledge of the metabolism of digitalis preparations. However, these studies can be used only for acute studies and, are not useful for measuring serum levels in a problem patient.
At present we can measure serum levels of digitoxin in patients receiving digitoxin or digitalis leaf. The specificity of the radioimmunoassay is such that digoxin, which differs from digitoxin only in the presence of a hydroxyl group at the C-12 position, is bound only about one tenth as well as digitoxin. with ammonium sulfate at 33% of saturation to separate antibody-bound and free SDG-TME-I*. The extent of nonspecific precipitation of radioactivity with ammonium sulfate is relatively high, but with recent modifications nonspecific binding has been reduced to 10%o of the total radioactive hapten present.
As previously mentioned, in a parallel independent study Butler and Chen (15) recently have prepared rabbit antidigoxin antibodies. Their method of immunization was similar in principle to our own in that the immunizing antigen was a conjugate of digitalis with protein. Their conjugation procedure involved the oxidation of digoxin with sodium periodate followed by conjugation to protein. They demonstrated the presence of antibody by equilibrium dialysis with 3H-labeled digoxin as the ligand. However, they have not been able to measure serum levels of digitalis, and it appears that the sensitivity of their system would have to be increased by at least two to three orders of magnitude in order for this to be possible. The much greater sensitivity of the radioimmunoassay described in this paper is due at least in part to the use of a labeled digitalis molecule with high specific activity. Additional factors may include the relative affinities of the antidigitalis antibodies involved and the precise nature of the immunoassay procedure.
The chloroform extraction step in the radioimmunoassay is necessary in order to reduce nonspecific interference with the assay by normal serum. Conceivably antidigitalis antibodies present in the serum of patients receiving the drug might interfere with the extraction. However, preliminary data have failed to reveal significant levels of the antibody. During the extraction, steroids and other nonpolar substances normally present in serum enter the organic phase. Cholesterol, testosterone, and progesterone are capable of inhibiting the precipitation of radioactivity in the immunoassay, but high concentrations are required. At present, there is no indication that physiological variations in the serum levels of these substances would influence the immunoassay to any major extent. However, the possibility remains that high hormonal levels achieved pharmacologically might exert a digitalis-like effect in the assay system.
Other uses of the antidigitalis antibody are possible. For instance, it is possible that antidigitalis antibody could be administered to patients with digitalis intoxication to reverse the toxic process by combining with serum or tissue digitalis. We are currently investigating this possibility. Another potential use for the antibody would be to help ascertain the location of digitalis in heart muscle with fluorescein or ferritin labeling. We believe, however, that the main usefulness of the antibody will be its ability in the assay to afford a relatively rapid assessment of digitalis levels and hence of the need for more or less drug.
